Using the group crossing time t c as an age indicator for galaxy groups, we have investigated the correlation between t c and the group spiral fraction, as well as between t c and the neutral hydrogen gas fraction of galaxy groups. Our galaxy group sample is selected from the SDSS DR7 catalog, and the group spiral fraction is derived from the Galaxy Zoo morphological data set. We found that the group spiral galaxy fraction is correlated with the group crossing time. We further cross matched the latest released ALFALFA 70% HI source catalog with the SDSS group catalog and have identified 172 groups from the SDSS survey whose total HI mass can be derived by summing up the HI mass of all the HI sources within the group radius. For the galaxies not detected in the ALFALFA, we estimate their HI masses based on the galaxies' optical colors and magnitudes. Our sample groups contain more than 8 member galaxies, they cover a wide range of halo masses and are distributed in different cosmic environments. We derived the group HI mass fraction which is the ratio of group HI mass to the group virial mass. We found a correlation between the HI mass fraction and the group crossing time. Our results suggest that long time scale mechanisms such as starvation seem to play a more important role than short time scale processes like stripping in depleting HI gas in the SDSS galaxy groups.
INTRODUCTION
In the hierarchical galaxy formation model, disk galaxies form first and then fall into bigger halos. By merging, dark matter halos grow over cosmic time. Galaxies tend to appear in groups, or clusters. Groups have fewer galaxy members than clusters, but can grow into clusters when more members are accumulated. Thus, they could be considered as an intermediate system in the Universe. These systems not only probe the Large Scale Structure of matter distribution, but also offer a unique environment for studying their impact on galaxy evolution. Modern large sky surveys such as the Sloan Digital Sky Survey (SDSS) (York et al. 2000) have detected a large number of galaxies and thousands of galaxy groups have been identified in several group catalogs (e.g. Berlind et al. 2006; Crook et al. 2008) , which enable us to make a statistical analysis of the relationship between group properties and their environments.
Neutral hydrogen (HI) gas is an important component of galaxies. This component is loosely gravitationally bound, and is easily disturbed by galaxy interactions and tidal forces (Hibbard & van Gorkom 1996) . When galaxies fall into the gravitational potential center of a group or a cluster, HI gas may be heated or ionized by shocks, and may also escape the interacting system and disperse, becoming too diffuse to detect (Hibbard & van Gorkom 1996) . Galaxy merging can also efficiently remove angular momentum so that HI clouds can be accreted into the central part of galaxies, increase their density and cool quickly to form molecular clouds. Therefore, HI content is a good tracer of a group's internal interaction level, and should be related to the evolutionary stages of galaxy groups or clusters.
Many investigators have noticed that galaxy groups and clusters are deficient in HI (Verdes-Montenegro et al. * mz@nao.cas.cn 2001, Solanes et al. 2004 ,Taylor et al. 2012 ). Many previous works focus on the relationship between gas content and group/cluster environment (Davies & Lewis 1973 ,Haynes & Giovanelli 1984 ,Solanes 2001 ,Kilborn et al. 2009 ,Rasmussen et al. 2012 ,Serra et al. 2012 ,Brown et al. 2016 ,Stark et al. 2016 . Quantitatively, the HI deficiency is defined as a measure of how much gas a galaxy of a given morphological type and optical diameter has lost in comparison to a similar field galaxy (Haynes & Giovanelli 1984; Giovanelli & Haynes 1985) . Several mechanisms have been suggested to explain the environmental influence on HI deficiency such as ram pressure stripping (Gunn & Gott 1972 ,Kenney et al. 2004 , Boselli & Gavazzi 2006 , Chung et al. 2009 , Cortese et al. 2011 , galaxy harassment (Moore et al. 1996) and interactions between individual galaxies (Mihos 2004) , starvation (Larson & Tinsley & Caldwell 1980 ,Balogh & Navarro & Morris 2000 ,Bekki & Couch & Shioya 2002 ,Kawata & Mulchaey 2008 and viscous stripping (Rasmussen et al. 2012 ), but their relative importance is still not well understood. The detailed physical processes for group HI deficiency remain unclear (Catinella et al. 2013 ,Hess & Wilcots 2013 . After analyzing the HI content of spirals in 18 nearby clusters, Solanes et al. (2004) concluded that the observed distribution of HI deficiency in the Virgo core appears to be closely associated with the dynamically evolutionary state of the main aggregates.
Another observational fact is that galaxy properties such as optical colors, morphologies and star formation rates are closely correlated with the galaxy environment when measured by the galaxy number density (Lewis et al. 2002 , Kauffmann et al. 2004 , Blanton & Moustakas 2009 , Bretherton et al. 2013 , Pasetto et al. 2014 , Mok et al. 2016 . For example, Dressler (1980) pointed out that the fraction of early type and S0 galaxies increases with increasing environmental density. Balogh et al. (1997) also found that the fraction of star forming galaxies is smaller in cluster environment than that in the field.
Most galaxy evolution studies are based on observations of galaxies at different redshifts, such as the Butcher-Oemler effect (Butcher & Oemler 1978; Butcher & Oemler 1984) , which shows an increase in the blue cluster population with redshift. Observations of molecular gas traced by CO have shown that as redshift goes higher there is a statistical increase of CO gas fraction in galaxies (c.f. the IRAM Plateau de Bure high-z blue sequence CO 3-2 survey, Tacconi et al. (2013) and references therein). Many investigators have attempted to detect HI emission at high redshift. However, because of the inherent weakness of the HI line and the contamination of the spectrum by terrestrial radio frequency interference (RFI), studies of redshifted HI emission from individual galaxies have only recently been possible up to 0.25-0.37 (Catinella et al. 2013; Fernandez et al. 2016) . Beyond that, the study of HI emission from individual objects requires the resolution and collecting area of the future Square Kilometer Array (SKA).
As pointed out by Ai & Zhu & Fu (2017) the sensitivity of large single dish telescopes, such as the Five-hundred-meter Aperture Spherical radio Telescope(FAST, Nan et al. 2011 ) is high enough to detect HI emission from galaxy groups and clusters at intermediate redshift. At redshift of 0.7, the beam size of FAST is 2.95 ′ (1 + z) corresponding to a physical size of about 0.9 Mpc which is the typical scale of a group or cluster, thus FAST can be used to measure the integrated HI emissions from groups and to study the evolution of the group total HI contents over cosmic time.
In order to establish a benchmark for studying high redshift groups, we have carried out a systematic study of the global HI properties in a large sample of low redshift galaxy groups derived from the SDSS surveys. Our study shows that galaxy evolution in group environment can also be studied in the local universe. For example, Hickson (1982) published a catalog of hyper compact galaxy groups, and they found that the fraction of spiral galaxies is well correlated with their evolutionary status characterized by the quantity of group crossing time (Hickson et al. 1992 ). This suggests that the "Group crossing time" t c could be used as a criterion to distinguish group dynamical states. Since spiral galaxies are normally gas rich, we would expect that the HI gas fraction in groups is also correlated with the group crossing time. In this paper we explore the correlation between t c and the group spiral fraction, as well as between t c and the neutral hydrogen gas fraction of galaxy groups.
In all the calculations we use the Hubble constant H 0 = 70 km s −1 Mpc −1 .
2. THE GROUP SAMPLE AND RELATED DATA 2.1. Galaxy Group Catalogs Our sample was selected from the SDSS DR7 Mr18 group catalog. This catalog is based on an optimized algorithm of the friends of friends (FoF) method which is described in detail in Berlind et al. (2006) . The complete group catalogs derived from SDSS DR7 are available online (http: //lss.phy.vanderbilt.edu/groups/dr7/). There are three galaxy samples created with different absolute magnitude limits and redshift ranges. Each one is complete within the stated limits. Given that the highest redshift of the HI sources in the ALFALFA (Giovanelli et al. 2005 ) is around 0.06 and the luminous HI source corresponds to less luminous optical galaxy, we choose the faintest Mr18 group sample whose r band absolute magnitude is down to M r = −18.
The redshift range for the SDSS Mr18 group is between 0.02 and 0.042. We restrict our sample to groups with galaxy member count N≥ 8 because the virial mass of very small group is extremely unreliable due to large uncertainties in determining the group radius and velocity dispersion. We delete the "groups" which have N>200 because their properties are similar to big clusters, and thus we did not include them in our group sample. With these criteria we selected 7367 galaxies within 459 groups.
Morphology of group member galaxies
The morphological data come from the Galaxy Zoo 1 (Lintott et al. 2011) data set. There are nearly 700,000 SDSS DR7 classified galaxies with available spectra and the results are debiased based on the redshift information. Over 200,000 DR7 classified galaxies have no spectra, thus no accurate redshift and no bias estimate can be obtained. The huge number of classified galaxies makes Galaxy Zoo 1 the largest data set of galaxy morphologies and allows us to classify the morphology of most of our SDSS group member galaxies. The cross match of the SDSS member galaxies and Galaxy Zoo 1 galaxies was performed using the software TOPCAT with an angular distance of 5 ′′ . A total of 6552 SDSS member galaxies in 440 groups with number of member galaxies N ≥ 8 are classified as spirals or ellipticals. We used a cut off value of 0.5 as morphological criterion to distinguish between the elliptical and spiral types in the Galaxy Zoo 1 data set. Among the 6552 galaxies, 3357 galaxies are classified as spirals and 2819 galaxies are classified as ellipticals. The remaining 376 galaxies do not meet the spiral or elliptical criterion and we marked them as uncertain. We exclude those galaxies marked as "no-spectra" in the Galaxy Zoo 1 catalog in our sample because no debias was carried out for them. So, a total of 95.86% of our SDSS groups and 88.94% of group members are identified with galaxy morphology types. According to Lintott et al. (2011) , a cut off value of 0.5 yields a misclassification rate of 19%. We also tried to use a cut off value of 0.6 as a morphological criterion which yields a misclassification rate of 10%. In this case, 3130 galaxies are classified as spirals and 2655 galaxies are classified as ellipticals. The rest of 767 galaxies remain unclassified, representing 13% of the sample galaxies.
2.3. HI mass in SDSS groups 2.3.1. HI sources associated with SDSS groups
To get the group HI mass, we use the recently released ALFALFA 70 (α.70) catalog (for details see the reference to the α.40 catalog by Haynes et al. (2011) ), which contains 70% of the data from the ALFA extragalactic HI survey using the Arecibo 305 meter telescope. The α.70 HI source catalog is available on the web site http://egg. astro.cornell.edu/alfalfa/data/. In this catalog, the detected HI sources with the available SDSS optical counterparts (OCs) have been identified and their (RA, DEC) coordinates are listed. Similar to the process of Hess & Wilcots (2013) , we assigned HI sources to group dark matter halos in a two step process.
In the first step we cross match the Mr18 group member galaxies with the α.70 HI sources using TOPCAT, and the angular distance between SDSS member galaxies and α.70 HI's OC is 5 ′′ . We delete the matched pairs which have redshift difference larger than 200 km s −1 . There are 256 N≥ 8 SDSS groups that lie in the α.70 survey region and we matched 726 α.70 HI sources with SDSS N≥ 8 group member galaxies which are distributed in 216 SDSS groups.
In the second step we add several HI sources which are luminous in the radio band while faint in the optical band. These objects are not included in our group sample because their r band magnitudes are over the magnitude limit of the SDSS Mr 18 sample. We associate the α.70 objects to our sample groups based on the following criteria: (1) have HI detections where no OC is present in the α.70 catalog or the magnitudes of the OCs are below our sample magnitude limit; (2) the projected distance between the α.70 object and the SDSS group center is less than 2R rms , where R rms is the rms radius defined in Berlind et al. 2006; (3) the velocity difference between the HI source and the group is less than the max value of the group velocity dispersion and 300 km s −1 . In this way we obtained 40 extra HI members in the previously identified 216 groups, adding 5% in the total number of galaxies. The method used here for assigning HI sources to groups is very similar to that of Hess & Wilcots (2013) .
For the SDSS-HI matched groups, we include both AL-FALFA "code 1" and "code 2" sources, which have a signalto-noise ratio S/N > 6.5, and 4.5 < S/N < 6.5, respectively. They are likely to be real because nearly all of them have a known optical counterpart at the redshift of the HI source (Haynes et al. 2011) . The total HI mass of each group is the sum of all the HI detected galaxies in the group.
In Fig. 1 we compare the resulting HI group masses obtained with these two different methods, where Group M HI , 1 represents the HI mass obtained with the method in the first step described earlier in this section, and Group M HI , 2 represents the HI mass obtained with the two-step method. From this plot we can see that the difference in the group HI mass obtained by two different methods is small.
HI source confusion and group edge effects
It is reasonable to expect that confusion within the Arecibo beam would be a problem in group environments where galaxies are in close proximity. Table 2 of the α.40 catalog (Haynes et al. 2011 ) includes notes on sources for which the HI parameters are uncertain because of confusion or other issues. The ALFALFA pointing errors are on average 18 ′′ which is a fraction of the 3.5 × 3.8 ′ beam. Of all the 766 HI sources in the 216 SDSS group members, 481 are from the α.40 catalog and 51 of them are cataloged as "blended". We remove 6 of these groups because they suffer from severe confusion effect and hence they are very difficult to deblend. Another 4 groups, in which only a pair of members are blended, are in close proximity and have similar HI flux. We choose to keep them in our sample and then use the larger HI member mass as the pair HI mass. There are 286 new HI sources from the α.70, for which no confusion has been identified. If the confusion rate is similar to that of the α.40, we could estimate that about 3.7% HI members suffer from confusion. Therefore source confusion should have limited effects on our statistical results.
Another effect that needs to be considered is the edge effect which involves groups with optical members not fully included in the α.70 survey field. We tried to identify such groups and remove them from our sample. For all groups, we exclude those that have more than 25% members lying outside the α.70 footprint. We restrict our sample to group virial mass greater than 10 13 M ⊙ which will be explained in detail in section 3.2. Ultimately after removing the groups with edge and confusion effects that have been noted in the α.40, our SDSS Mr18 sample has 172 groups of 8 or more members which contains 730 HI galaxies.
The HI detection rate
It may also be a concern that the ALFALFA detects only gas rich galaxies at high redshift, and this will underestimate the group HI mass and introduce bias into our analysis. We plot the HI detection fraction of the SDSS groups as a function of redshift, as shown in Fig.2 . In Fig.2 the blue squares represent the HI detection rates of the spiral galaxies in the SDSS groups and each square represents the average over a velocity range of 500 km s −1 . The black triangles represent the HI detection rates among all the member galaxies in the SDSS groups. It can be seen that when the group velocity is less than 8000 km s −1 , about 60%-80% spiral galaxies are detected by the ALFALFA while for groups with velocity greater than 8000 km s −1 the HI detection rates drop significantly to 40% and lower. The number of spirals and HI detections in each SDSS group are listed in Table A1 .
If we include early type galaxies, the detection rate for the whole group is generally lower than 40% and can be as low as 20% for velocity greater than 10000 km s −1 . This is not surprising, as the studies of di Serego Alighieri et al. (2007) and Grossi et al. (2009) found that the HI detection rate of early type galaxies is about 25% in low density environments and 2.3% in high density environments such as the Virgo cluster, respectively.
The detction limits and HI mass estimates in the SDSS groups
For the groups containing HI un-detected members, we have estimated the possible missed HI mass based on the ALFALFA detection limits. We compute the minimum detectable HI mass at different distances using equation (5) -The HI detection fraction distribution of the SDSS groups as a function of group velocity.The blue squares represent the HI detections in all the spiral galaxies in the groups. The black triangles represent the HI detections in all the member galaxies in the groups.
limit of HI mass is 4.1 × 10 8 M ⊙ at z=0.02 and 1.6 × 10 9 M ⊙ at z=0.04. Here 4.5σ is used because the ALFALFA catalog we used is down to the limit of 4.5σ . By summing up all the 4.5σ detection limit HI masses for the HI un-detected galaxies, and combined with the ALFALFA detected HI mass, we can estimate the upper limits of the HI masses for our sample SDSS groups.
Instead of using the above mentioned upper limits, we have also tried to obtain a better estimate of the HI masses for the HI un-detected galaxies (including all morphological types) using the relationships between galaxy gas contents and optical colors. We first estimated the stellar masses from the r-band luminosity and g-r color using the formula derived by Bell et al. (2003) :
and then estimated the HI masses using the relationship between M HI /M * and g-r color which is fitted from Figure 2 of Zhang et al. (2009) , where M * is the galaxy stellar mass:
The scatters of the two formulas are 0.1 and 0.35 dex, respectively. The r band absolute magnitude and g-r color of the member galaxies are listed in the SDSS Mr18 catalog. With these two formulas, we compute the HI mass of each HI undetected member galaxy and the sum of these HI masses in one group is listed in Table A1 as M HI,color . The total HI gas mass of a group is the sum of M HI,color and the ALFALFA detected HI mass M HI . Dressler & Shectman (1988) have proposed a method to test if groups are virialized systems. Such method is called Dressler-Shectman (DS) test, which compares the local velocity and velocity dispersion for each group member galaxy with the global group values to test the presence of substructures in clusters or groups. We have performed the DS test for our sample groups. For each galaxy i, we select its N nearest neighbors and compute their mean velocity v l and velocity FIG. 3.-The correlation between R p and R rms in our SDSS sample. R p is the projected virial radius derived in this work and R rms is the rms projected radius listed in the SDSS group catalog. dispersion σ l . We compute the δ value for each of the SDSS groups as follows:
Group virial Mass
where v group is the SDSS group mean velocity and σ group is the group velocity dispersion. For the groups with number of member galaxies N mem greater than 20, we set N=10, otherwise N = √ N mem . The △ value is △ = Σ i δ . A group is considered to be virialized (or do not have substructure) if △/N mem < 1.
Our results indicate that all of our sample groups do not have significant substructures, thus it is reasonable to assume that they are at least quasi-virialized systems.
The virial mass M v is not listed in the SDSS Mr18 catalog. Thus we calculate the group virial mass following equation (6) of Crook et al. (2008) , e.g.
where R i j is the projected separation between two galaxies. We calculate R p for every SDSS group and use it to compute M v . Fig.3 compares the values of R rms and R P for our sample groups and we found that these two quantities are closely correlated with each other. A straight line fitting yields a relation R P ∼1.8R rms , with a scatter of ∼ 0.25, which corresponds to a relative error of 47% in the group radius.
SDSS group crossing time
The group crossing time of the SDSS groups are calculated using the following formula similar to equation (3) of Tully (1987) :
where R rms is the projected group radius defined in equation (8) of Berlind et al. (2006) , and σ p is the velocity dispersion. The ratio of the crossing time to the approximate age of the Universe, 1/H 0 , is a convenient measure of the dynamical state of a group. Thus the parameter t c H 0 indicates the rough time that a galaxy traversed the group, and its reciprocal is the maximum number of times a galaxy could have traversed the group since its formation (Hickson et al. 1992) . A smaller value of t c H 0 corresponds to a late evolutionary stage for a group. According to Berlind et al. (2006) , the velocity dispersion of the SDSS Mr18 groups is systematically underestimated by 20%. We correct the velocity dispersion bias by applying an upward 20% correction and use the corrected values to calculate the virial mass and crossing time.
3. RESULTS Numerical simulations have predicted that HI gas content in galaxies continually decreases in the course of group evolution, either by conversion to stars or by depletion due to various environmental effects (Duffy et al. 2012) . In this section we study the relation between group HI mass fraction f HI = M HI /M v or group spiral fractions and group crossing time t c , where M v is the group virial mass.
3.1. Correlation between group spiral fraction and crossing time In section 2.2 we have obtained the spiral fraction and crossing time for each of the SDSS Mr18 groups. In Figure 4 we plot the group spiral fraction as a function of group crossing time. The green points represent the groups whose spiral galaxies are classified from Galaxy Zoo 1 with a quality cut of 0.5. It shows a weak correlation with a correlation coefficient of 0.26 and the corresponding statistical confidence level is 99.99% (if a quality cut of 0.6 is used, the correlation coefficient is 0.25 and the confidence level is 99.99% ). To reduce the influence due to uncertainty in the crossing time, we binned the data over a range of log(t c H 0 )= 0.15. The blue diamonds represent the groups whose spiral galaxies are classified from Galaxy Zoo 1 with a quality cut of 0.5, and the red diamonds represent those with a quality cut of 0.6. The red diamonds are systematically lower than the blue ones, but they share the same trend. Each diamond represents the averaged value and the error bars are the 1σ standard deviation in each bin. The group spiral fractions show a clear trend of increasing with crossing time. For the cut value of 0.5, the correlation coefficient is 0.98 for the binned data and the corresponding confidence level is 99.99% (for the cut value of 0.6 the correlation coefficient is 0.97 and the confidence level is 99.99%). This correlation is consistent with the result obtained from hyper compact groups (Fig.5 , Hickson et al. 1992) . Since spiral galaxies are usually rich in HI gas, we expect that the group HI gas fraction should increase with crossing time as well.
The above analysis is based on the mean value of the spiral fraction in each bin. We have also made similar analysis using the median value for each data bin and arrived at similar statistical results. We have calculated the standard error of the median for each bin with a bootstrapping technique, and found that they are all less than 0.1 which is much smaller than the standard deviation in the data bin. Hence we consider that the errors on the mean or on the median values would have a limited effect on the statistical results in Fig.4 effect, we divide our sample into several subsamples according to the group virial mass so that M v does not correlate with t c H 0 in each subsample. We exclude the groups with M v less than 10 13 M ⊙ because the resulting subsample would become too small for a statistical study.
We split the SDSS sample into three subsamples, SDSS-1,SDSS-2 and SDSS-3, which correspond to the virial mass range of 10 13 − 10 13.5 M ⊙ ,10 13.5 − 10 14 M ⊙ and 10 14 − 10 14.5 M ⊙ . The upper panels of Fig.5 show the relation between 1/M v and t c H 0 . The correlation coefficients between 1/M v and t c H 0 of the SDSS subsamples are listed in Table 1 as r1 which are all less than 0.3. The statistical significance of r1 are shown as α1 in Table 1 . So, after narrowing down the virial mass range of each subsample there is almost no correlation between 1/M v and t c H 0 in each subsample. Thus any correlation between f HI and t c H 0 , if it exists, would reflect the relation between the HI mass fraction and the group crossing time.
In the middle panels of Fig. 5 we plot f HI vs t c H 0 in logarithmic scale for each subsample. The group HI masses are the sums of M HI and M HI,color which are all listed in Table  A1 . The error bar for each group is derived from the scatter of Eq.(1) and (2) plus the observational error of the α.70 HI detections.
We fit a straight line y = ax + b to the points on the middle panels of Fig.5 , where x and y represent crossing time t c H 0 and the HI gas fraction f HI in logarithmic scale, respectively. We employ the Markov chain Monte Carlo (MCMC) method for the fitting. For the HI mass of each group, we select a random value (assuming Gaussian distribution) within the HI mass error bars, with M HI,obs + M HI,color as the expected value. Note that we need to make sure that each of the total HI masses used in the fitting is under the ALFALFA 4.5σ upper limits discussed in section 2.3.4. We found that there are 147 groups whose 4.5σ upper limits from the α.70 are inside the error bars of the color estimated HI mass. In such case, during the MCMC process, we set the Gaussian probability -Column 1: The subsample name; Column 2: the correlation coefficient between f HI and t c H 0 ; Column 3: the slop of the fitted line; Column 4: the intercept of the fitted line; Column 5: the 1 σ standard deviation of r; Column 6: the 1 σ standard deviation of a; Column 7: the 1 σ standard deviation of b; Column 8: the percentage of fits that have a significance of the Spearman rank correlation r less than 0.03; Column 9: the correlation coefficient between 1/M v and t c H 0 ; Column 10: the significance level of r1; Column 11: the averaged virial mass. distribution to zero beyond the 4.5σ upper limit. This will help to avoid overestimating the group gas content with the color estimated HI mass. There are two groups whose 4.5σ upper limits are under the lower end of the error bar of the color estimated HI mass. These two groups are shown as blue arrows in the middle panel of Fig.5 . In the MCMC fitting for them we choose a random number based on uniform distribution in the range between the observed values and the 4.5σ HI upper limits.
The errors in the virial mass and crossing time are mainly caused by uncertainties in group radius and velocity dispersion. As discussed in Sec 2.4, the relative error of the SDSS group radius is 47%. It is difficult to estimate the error of the velocity dispersion of our SDSS groups, while according to Tully (2015) the error of the group velocity dispersion is relatively small. For the groups with velocity dispersion between about 200-600 kms −1 , the errors are less than 30%. So we use an average value of 20% for the relative error of the velocity dispersion for the SDSS groups. Comparing to the group radius error, the error in the velocity dispersion is rather small and has very limited effect on our results. According to the error propagation formula, t c H 0 would have a relative error of e 2 σ + e 2 R , and M v would have a relative error of 4e 2 σ + e 2 R where e σ and e R are the relative errors of group velocity dispersion and radius, respectively. For each fit, we select a random value based on a Gaussian distribution for the t c and M v relative errors. Using the least χ 2 fitting to the random values generated from the three categories of distribution (M HI ,t c H 0 and M v ), and repeating this process 100,000 times, we obtain three sets of distribution of the fit parameters: a, b and r. The parameter a is the slope, b is the intercept of the fitted line and r is the Pearson Correlation Coefficient for all the subsamples. The distributions of the parameters obtained from the 100,000 fits are Gaussian and we list the expectation value and 1σ error of r, a and b in Table 1 . All the values of r are greater than 0.3 which means that these two variables are at least moderately correlated. Fig. 6 is an example of the distribution r for subsample SDSS-2. Column 8 of Table 1 marked as α < 0.03 shows the percentage of fits among the 100,000 repetitions that have a significance of the Spearman rank correlation less than 0.03 (corresponds to a confidence level of 97%). We see that more than 90% of the fits have α < 0.03.
The analysis above is based on the assumption that the groups are all virialized so that the group virial mass can be calculated with Eq (3). If the group is not virialized, the group halo mass could be different from the virial mass. To estimate the uncertainties in M v for our sample groups, we have cross matched our group sample with the X-ray detected cluster catalog MCXC (Piffaretti et al. 2011 ), but only 27 SDSS Mr 18 groups are found. Comparing our derived group virial masses with that derived from X-ray observations, we found that the uncertainty in the virial mass could be by a factor of 2-3 in the worst cases. Even taking such a large uncertainty into account, our MCMC simulations show that the correlation coefficients between f HI and t c remain larger than 0.3 in all subsamples, though they are slightly lower than that listed in Table 1 as expected.
For comparison we also plot the spiral fraction distributions with t c H 0 for the three SDSS subsamples with the same virial mass ranges, as shown in the lower panels of 2.2. We also binned the data over a range of logt c H 0 = 0.15. The blue diamonds represent the averaged spiral fraction of SDSS groups in the t c H 0 range. The pink bars are the 1 σ standard deviation. From the middle and lower panels of Fig.5 we can see that the group spiral fraction is correlated with the crossing time following a trend similar to that of the HI gas fraction. The correlation parameters between spiral fraction and t c H 0 for all the SDSS subsamples (the lower panels of Fig.5 ) are listed in Table 2 . However, the fact that both f HI and spiral fraction follow the same trend of decreasing with crossing time suggests that both gas fraction and morphology change as groups evolve, but the order in which this transformation takes place is unclear. Table 1 also lists the average virial mass < M v > of each subsample in units of 10 13 M ⊙ (column 11). From Fig.5 we can see that when the average virial mass increases, the group HI mass fraction decreases, and the MCMC fitted line is shifted toward lower f HI . Such effect is predicted in the numerical simulations (Duffy et al. 2012 , Dave et al. 2013 , Cunnama et al. 2014 , Rafieferantsoa et al. 2015 , and this is another reason why we needed to divide our sample into different subsamples.
The quantitative relation between f HI and t c from the MCMC fit is
The slope a is around 0.7 for each subsample. If this correlation is due to the relation between 1/M v and t c , the slope should be about 0.5. Thus the increase of f HI is most likely due to the increase of M HI vs. crossing time.
3.3. Correlation between group HI mass fraction and group richness It has long been known that galaxy morphologies are related with environments following the morphology-density relation (T-Σ relation) (Dressler 1980 , Cappellari et al. 2011 . In this un-binned 0.4 99.7% 0.3 98.9% 0.3 89.2% binned 0.9 99.5% 0.9 98.1% 0.6 71.6% NOTE. -The upper row shows the correlation results for the un-binned data and the lower row shows the correlation results of the binned data in the lower panels of Fig.5 . Each column lists the correlation coefficients and the confidence level for each subsample.
section we explore the relation between the HI gas content and galaxy richness in groups. The upper left panel of Fig.7 shows the f HI distribution as a function of the group member counts, where we use the group member counts N to represent the group richness, and the data are binned together so that each bin contains a similar number of groups. The blue diamond represents the averaged HI fraction f HI in each data bin, for which the group HI masses are obtained from the α.70 catalog (M HI ), while the green diamonds represent those groups whose HI masses are calculated as M HI + M clolr,HI . The upper right panel of Fig.7 shows the group spiral fraction as a function of group member counts. Both plots show a clear trend of decreasing HI gas fraction and spiral fraction in rich groups with more galaxy members. This result is consistent with the T-Σ relation, as rich groups have a higher number density environment.
Groups with more galaxy members also have a larger halo mass. We have divided our sample into 3 subsamples to remove part of the dependence on halo mass for the statistical studies. The middle and lower panels of Fig.7 show the HI fraction f HI and spiral fraction distribution as a function of the group member counts for the SDSS 1-3 subsamples. We re-bin the range of N in each subsample so that each bin contains a similar number of groups. Comparing with the upper left panel in which f HI decreases with N, there is no clear trend for the HI fraction f HI as N increase among each subsample. The average HI fraction in different subsamples indeed dreases from SDSS-1 to SDSS-3. This suggests that the anti-correlation between f HI and N seen in the upper left pannel of Fig. 7 is mainly due to the increase of group halo mass, not due to the increase of galaxy members. Such result implies that mechanisms related to halo mass such as starvation rather than merger are the major process in depleting HI gas in groups.
It is interesting to see that the group spiral fraction shows a dependence on the group member count N (lower panel of Fig.7) . Unlike the HI fraction, the spiral faction in each subsample is anti-correlated with N. This suggests that merging is the key process in galaxy morphology transformation in groups.
4. DISCUSSION 4.1. The crossing time as an age indicator of galaxy groups Our purpose for studying the relation between f HI and t c is to quantify the HI gas depletion process during the evolution of galaxy groups. A key question is whether the crossing time t c can be used as an indicator of group age. This parameter was introduced by Tully (1987) to indicate the evolutionary state of galaxy groups. However, Diaferio et al. (1993) argued that one should be cautious in using t c as an indicator of group age, as his N-body simulation results showed that small groups (N < 8) with small crossing times may be in the collapsed phase. Thus we did not include groups with N < 8 which could be dynamically young. We have run the DS test for our SDSS groups and the test result shows that all our sample groups do not have significant substructures. It is likely that the groups in our sample are at least quasi-virialized. For a virialized system, M v ∝ σ 2 p R p and M v = nR 3 p , where n is the average density,we have t c ∝ R p /σ p ∝ 1/ √ n. Thus, the value t c is also related to the average density of the galaxy group. As a group evolves to a later state, it gets more and more compact and its average density increases. From this perspective the crossing time t c can indeed indicate the evolutionary state of a galaxy group.
4.2.
Relation with the "Butcher-Oemler" effect Evolutionary effects of galaxies are usually seen at high redshifts, such as the so called "Butcher-Oemler" effect (Butcher & Oemler 1978 ,Butcher & Oemler 1984 according to which clusters at z > 0.4 have a substantial population of blue galaxies implying more HI rich galaxies, while the nearby rich clusters are very deficient in HI. However, very few clusters can be detected at HI at z > 0.4, and thus we can not directly see the HI evolution at high z. Nevertheless, using t c , we can identify young galaxy groups (with large t c ) which could be the local analogs of the young groups at high z, i.e. large t c groups at high z could evolve into old groups with small t c at low z Universe.
More quantitatively, Diaferio et al. (1993) estimated that 10 group crossing times would take about 5-6 Gyr in evolution. Such change in terms of our definition of t c H 0 is roughly from 0.04 to 0.3 (or -1.4 to -0.5 in logarithmic units) . Hence the progenitor of a group with a small t c (e.g 0.04H −1 0 ) could have a larger value (about 0.3H −1 0 ) of t c at a "look back" time of 5 Gyr, or about z=0.5. From Fig. 4 , we can see that the spiral fraction almost doubles from crossing time of 0.04 to 0.3. Such morphology transformation due to t c is similar to the B-O effect, and their time scales are well matched. According to Moore et al. (1996) a dramatic morphological transformation in clusters which turns blue spiral galaxies to HI deficient elliptical galaxies occurred during a "look-back time" of about 4-5 billion years, consistent with about 10 group crossing times. We note that the crossing time estimates of Diaferio et al. (1993) are based on a simple numerical model. In the future, we plan to run detailed numerical simulations to model the change of t c of a group over the cosmic time and reveal its relation with the morphology transformation process.
Another effect that can reduce spiral fraction of a group is merging. A small group can grow into a large group by accreting more galaxies over cosmic time, thus reduce the spiral fraction following the trends shown in Fig.7 . This process can also contribute to the B-O effect. Again detailed numerical simulations are required to reveal the contribution of different mechanisms in morphology transformation over cosmic time.
4.3. The gas depletion time scale and environment effects Using the result obtained from Fig.5 , we can make a more quantitative estimate of the HI depletion time in a group. During the evolution of a galaxy group, after 10 crossing times, e.g. t c H 0 increases from 0.04 to 0.3, the HI gas fraction can decrease significantly. Thus the HI gas depletion time scale is approximately several Gyrs based on the time estimates in the previous section.
Ram pressure stripping in depleting HI gas is thought to be very efficient in galaxy clusters because the relevant time scale is very short (≥ several 10 7 yr, Vollmer et al. 2012) . Thus this mechanism is unlikely the major effect for HI gas depletion in our sample groups. On the other hand, the time scale of slowly acting processes such as starvation and strangulation is relatively long (≥ 1 Gyr, Balogh & Navarro & Morris 2000) . Thus our results seem to fit with these long time HI depletion processes where gas experiences a steady decline. Future theoretical modeling of HI gas evolution in galaxy groups taking into account all the environmental effects should be able to establish the accurate time scale for HI gas depletion and explain the observed relation between f HI and t c .
5. CONCLUSIONS Our findings are summarized as the following: 1. By cross matching the latest released ALFALFA 70% HI source catalog with the SDSS group catalog, we have identified 172 groups from the SDSS survey whose total HI mass can be derived by summing up the HI masses of all the HI sources within the group radius. As the HI gas is bound to the group and will eventually be the fuel for star formation in the group, we treat the total HI gas content as a global quantity of the group and explore its relation with other group properties such as the virial mass. Based on the SDSS group sample we found a weak correlation between the group HI mass fraction and the group crossing time.
2. We used the Galaxy Zoo morphological data to derive the fraction of spiral galaxies in groups and found a correlation between the group spiral fraction and the group crossing time for the SDSS Mr18 group sample. The galaxy morphology in our sample groups also follows the morphology-density relation.
3. We suggest that the group crossing time is a good indicator of the group's age, and that younger groups with larger crossing times have more spiral galaxies as well as a higher fraction of HI gas than older groups. The groups with large crossing times could be similar to the dynamically young systems at high redshift before they go through morphology transformation.
4. The detection rate of HI in the ALFALFA survey is still low for most groups with z> 0.03. Several on-going HI surveys, such as CHILES with the VLA (COSMOS HI Large Extragalactic Survey, Fernandez et al. 2016) , and LADUMA with the MeerKAT (Looking at the distant Universe with the MeerKAT Array, Blyth 2016 , Holwerda & Blyth & Backer 2012 , are designed to detect more high redshift HI signals, which are very important for understanding galaxy evolution. Future deep HI surveys with large radio telescopes such as the FAST and SKA will be able to improve the detection rate and improve the statistics on the total HI gas contents of groups and clusters.
5. Although the major focus of this paper is on the total HI gas in groups and did not include detailed analysis to distinguish the relative importance of the physical mechanisms for HI deficiency, the HI gas depletion time scale in our sample groups are found to be several Gyrs, similar to the time scale for morphology transformation. This suggests that long time scale mechanisms such as starvation seem to play a more important role than short time scale processes in depleting HI gas in the SDSS galaxy groups. -Column 1: Group ID; Column 2: R.A. (J2000) of group; Column 3: Decl. (J2000) of group; Column 4: redshift of group; Column 5: number of member galaxies; Column 6: number of spiral galaxies; Column 7: number of galaxies detected by HI; Column 8: group HI mass detected by the ALFALFA; Column 9: group virial mass; Column 10: crossing time; Column 11:group HI mass of the HI-undetected member galaxies estimated based on optical color; Column 12:the error of the detected HI mass of the SDSS groups. 
